Abstract-Quantitative characterization of atherosclerotic plaque composition with standard histopathological methods remains limited to sectioned plaques. Raman spectroscopy enables nondestructive quantification of atherosclerotic plaque composition. We used Raman spectroscopy to study the effects of diet and lipid-lowering therapy on plaque development in apolipoprotein (APO) E*3-Leiden transgenic mice. Raman spectra were obtained over the full width and entire length of the ascending aorta and aortic arch. Spectra were modeled to calculate the relative dry weights of cholesterol and calcium salts, and quantitative maps of their distribution were created. In male mice (nϭ20) that received a high-fat/high-cholesterol (HFC) diet for 0, 2, 4, or 6 months, Raman spectroscopy showed good correlation between cholesterol accumulation and total serum cholesterol exposure (rϷ0.87, PϽ0.001). In female mice (nϭ10) that were assigned to an HFC diet, with or without 0.01% atorvastatin, a strong reduction in cholesterol accumulation (57%) and calcium salts (97%) (PϽ0.01) was demonstrated in the atorvastatin-treated group. In conclusion, Raman spectroscopy can be used to quantitatively study the size and distribution of depositions of cholesterol and calcification in APOE*3-Leiden transgenic mice. This study encourages Raman spectroscopy for the quantitative investigation of atherosclerosis and lipid-lowering therapy in larger animals or humans in vivo. Key Words: atherosclerosis Ⅲ Raman spectroscopy Ⅲ cholesterol Ⅲ calcification Ⅲ lipid-lowering treatment P rogression of atherosclerosis is dependent on the amount of lipids that accumulate in the intima of arteries. 1,2 Several drugs have been developed that successfully lower the plasma cholesterol concentration, thereby reducing the rate of progression of atherosclerosis. 3,4 However, despite the success of these drugs, a considerable number of treated patients will still encounter an ischemic event. To improve management of patients with atherosclerosis, a more thorough understanding of plaque progression and regression in vivo, at the chemical level, is required.
P rogression of atherosclerosis is dependent on the amount of lipids that accumulate in the intima of arteries. 1, 2 Several drugs have been developed that successfully lower the plasma cholesterol concentration, thereby reducing the rate of progression of atherosclerosis. 3, 4 However, despite the success of these drugs, a considerable number of treated patients will still encounter an ischemic event. To improve management of patients with atherosclerosis, a more thorough understanding of plaque progression and regression in vivo, at the chemical level, is required.
Raman spectroscopy is a technique that can provide this kind of information. It provides quantitative information about the molecular composition of a sample and enables the nondestructive examination of small volumes of tissue. 5 A Raman method to quantify the relative amounts of protein, cholesterol, adventitial fat, and calcium salts (CS) in the human coronary artery wall has been developed by Brennan et al. 6 Recently, it was demonstrated that high signal-to-noise Raman spectra can be obtained from the aortic arch and arteries of sheep in vivo, in the presence of blood flow, by using specially designed Raman fiber-optic catheters and a transluminal approach. 7, 8 We studied atherosclerotic plaque formation in transgenic mice that were fed a high cholesterol-containing diet. These mice, carrying the dysfunctional apoE variant from patients with a dominantly inherited form of familial dysbetalipoproteinemia (APOE*3-Leiden), develop severe hyperlipidemia that results in rapid atherosclerotic plaque formation with feeding of a diet enriched in saturated fat and cholesterol. 9 In vitro quantitative characterization of atherosclerotic plaque composition with standard histopathological methods is laborious and remains limited to sectioned plaques. In contrast, Raman spectroscopy allows evaluation of entire lesions, leaving the morphology of the plaque intact.
In this study, we describe a method of generating chemical maps of the relative distribution of cholesterol and calcification in the aortic arch of APOE*3-Leiden transgenic mice. We used this method to study changes in atherosclerotic plaque composition as a function of cholesterol exposure and treatment with the lipid-lowering drug atorvastatin. We dem-onstrate in this report that Raman spectroscopy enhances the utility of this atherosclerotic mouse model for studying the progression of atherosclerosis and for the evaluation of antiatherosclerotic treatment.
Methods

APOE*3-Leiden Transgenic Mice
All animal procedures were approved by the institutional review committee on animal experimentation at TNO, the Netherlands. Transgenic mice (nϭ44) expressing the human APOE*3-Leiden gene were generated as described before. 9 Transgenic mice were the F11 (group I), F13 (group II), or F16 (group III) generation resulting from the breeding of male APOE*3-Leiden transgenic mice with female C57BL/6Jico mice (Broekman Institute BV, Someren, the Netherlands). Identification of transgenic mice occurred by using a sandwich ELISA for the presence of human APOE*3-Leiden in serum.
Experimental Setup
Because of the difference in response to high-cholesterol feeding, male and female mice were assigned to different groups. 10 Group I mice (female, nϭ14) were used in a feasibility study to illustrate that the distribution of cholesterol and calcification as measured by Raman scanning is in agreement with the distribution of these compounds as determined by von Kossa (calcification) staining and oil red O (lipids) staining. During the first 8 to 10 weeks after birth, these mice were kept on standard mouse chow (SRM-A Hope Farms) and were then randomly assigned to a group (nϭ7) receiving normal chow or to a group (nϭ7) receiving a high-fat/high-cholesterol (HFC) diet. An extra 0.5% cholate was added to the HFC diet to facilitate intestinal uptake of fat and cholesterol, thereby increasing the total plasma cholesterol (TC) levels. 11 Serum cholesterol concentrations of these mice were obtained post mortem.
Group II, 3-month-old male mice (nϭ20) were used to evaluate plaque progression in time. These mice were randomly assigned to 4 subgroups, which were fed the same HFC diet with 0.5% cholate for 0, 2, 4, or 6 months. One subgroup (nϭ5) was kept on normal chow for 6 additional months. One subgroup (nϭ5) was assigned to 4 months of normal chow and 2 months of the HFC/0.5% cholate diet. Five mice received 2 months of normal chow and subsequently 4 months of the HFC/0.5% cholate diet. The last subgroup (nϭ5) received the HFC/0.5% cholate diet for the entire 6 months. All mice were humanely killed at 6 months from the start of the randomization.
Group III, female mice (nϭ10) were used to quantify the effect of atorvastatin on the contents of cholesterol and calcification in the aortic wall. Before the start of this study, these mice were kept on standard chow for Ϸ3 months. During a 3-week run-in period, these animals received the HFC diet with 0.05% cholate. Because female mice develop more severe hyperlipidemia, 10 a lower concentration of cholate was chosen to prevent liver damage. After the run-in period, TC concentrations were measured. On the basis of age and cholesterol level, the animals were matched and assigned to 2 equal groups, with approximately the same age and cholesterol level. The control group (nϭ5) received the HFC/0.05% cholate diet. The atorvastatin group received the same diet but with the addition of 0.01% (wt/wt) atorvastatin (Pfizer Inc), equaling a daily dose of Ϸ15 mg/kg body weight. All mice in group III were humanely killed at 28 weeks.
Tissue Handling
Mice were humanely killed with an overdose of pentobarbital (Nembutal®) anesthesia. The thorax was opened and the heart and aorta were dissected, flushed with PBS (pH 7.4), snap-frozen in liquid N 2 , and stored at Ϫ80°C until use. At the time of spectroscopic investigation, the heart and aorta of each mouse were thawed to reach room temperature. The aorta was dissected distally from the aortic valve. The first 5 to 8 mm of each aorta was used for spectroscopic investigation because this area is the most prone to atherosclerotic lesion development. 9, 12 The aorta was cleaned of its adventitial fat to facilitate opening the aorta through its outer curvature, longitudinally through the brachiocephalic, carotid, and subclavian arteries. The samples were then moistened with PBS and placed between 2 (0.8-mm-thick) CaF 2 windows (Crystran). CaF 2 was used because it does not exhibit Raman bands in the 800-to 1800-cm Ϫ1 wavelength region, which was chosen for our study.
Raman Instrumentation and Data Acquisition
To collect Raman spectra, near-infrared laser light (Ϸ847 nm) was coupled to a microscope that was rebuilt for Raman spectroscopic measurements. The microscope was equipped with a motorized, computer-controlled sample stage, which enables automatic scanning of the sample. The aorta and CaF 2 windows were positioned underneath the microscope with the intimal side of the artery facing up. Raman spectra were obtained in 0.25-mm steps over the full width and entire length of the excised aorta. For mouse aortas in the feasibility group (group I), a courser grid of data sampling points was used (0.50 mm). All samples were irradiated with 80 to 100 mW of near-infrared laser light (Ϸ847 nm). The collection time per measurement was 10 seconds.
Raman Data Processing
At each location of the grid, the Raman spectrum was modeled as a linear combination of the Raman spectra of delipidated artery, cholesterol, cholesteryl esters, ␤-carotene, triglycerides and phospholipids, calcification and ␤-carotene, according to the method developed by Brennan et al 6 ( Figure 1 ). In this way, the molecular composition of the tissue could be determined and expressed in relative weight percentages. In this study, we explicitly focused on the distribution of cholesterol and CS. Therefore, we adapted the analysis protocol 6 in the following way. After calculation of the relative weight percentages (normal mouse aorta, cholesterol, cholesteryl esters, ␤-carotene, adventitial fat, calcification, and optical instrument background), the sum of the contributions of protein (normal mouse aorta), TC (the sum of cholesterol and cholesteryl esters), and CS was scaled at 100%. Subsequently, the relative quantities of protein, CS, and TC were recalculated. In this way, the otherwise interfering and varying signal contributions of the remaining adventitial fat, ␤-carotene, and instrument background signal were eliminated. Maps reflecting the relative distribution of these arterial components in the aortic samples could then be reconstructed The lower gray curve is the fit residual, ie, the measured Raman spectrum minus the model fit. Fit contributions of the compounds are shown next to the Raman spectrum. P indicates protein; AF, adventitial fat; Others, ␤-carotene and background signal.
( Figures 2 and 3 ). From these Raman maps, the first 5 mm of the aortic arch was selected for further evaluation. For a more detailed description of the Raman instrumentation, data acquisition, and spectral processing, please see the online data supplement at http://atvb.ahajournals.org.
Lipid Analysis
At 3-week time intervals and at post mortem, the serum lipid levels of mice in groups II and III were measured. Blood samples were obtained at baseline and in 3-week time intervals from the tail vein, always after 4 hours of fasting. Post mortem blood samples were obtained from the ophthalmic artery after enucleation. Levels of TC and triglycerides were measured enzymatically by using commercially available kits (Boehringer). TC exposure was calculated as the sum of the serum values and is expressed in mmol/Lϫweek. In mice in group III, VLDL, IDL/LDL, and HDL fractions were determined at 25 weeks from the start of randomization. For size fractionation, 40 L of pooled plasma per group was injected onto a Superose 6 column (3.2ϫ30-mm Smart-system, Pharmacia) and eluted at a constant flow rate of 50 L/min with PBS (pH 7.4, containing 1 mmol EDTA). 10 
Histology
After spectral examination, aortas of group I mice were positioned on a silicone surface in a 60-mm-diameter Petri dish and held in place with 0.15-mm-diameter steel pins. The aortas were subsequently stained with oil red O 13,14 and von Kossa stains. 15 Digital images were made en face with a HitachiHV-C20M color CCD camera equipped with a 55-mm Nikon lens.
Statistical Analysis
For statistical analysis, SPSS 9.0 software (SPSS) was used. Because the data were not normally distributed, nonparametric tests were used for comparisons between groups. Overall comparison between groups was performed with the Kruskal-Wallis test. When only 2 groups were compared, Mann-Whitney rank-sum tests were used. Differences were regarded as statistically significant when PϽ0.05. This mouse was exposed to 6 months of the HFC/0.5% cholate diet, with a TC exposure of 483 mmol/Lϫweek. The area that was found to be rich in cholesterol by Raman spectroscopy is correlated with the area of the specimen stained with oil red O. The artery location with high amounts of CS is correlated with the von Kossa-positive stained calcium deposit (see arrows) on the histological sample. The low intensity of the von Kossa stain is due to the presence of other tissue components, such as cholesterol and proteins, hindering appropriate staining and quantification. For quantitative assessment of the size of cholesterol and calcification distribution, maps with a higher resolution were created. This is demonstrated in Figure 3 . (1), a male mouse (group II) on the same diet for 6 months (2), and (3) a female mouse on 6 months of the diet (group III). Maps are positioned with the proximal part of the aorta facing downward. From these Raman maps, the first 5 mm was selected for determination of the areas containing cholesterol or calcification, as described in text.
Results
Histological Validation
terol and CS, and the stains confirm the presence and location of lipids and calcified deposits in the artery wall. In all samples in group I, there was a good correlation between the location of TC as detected in the Raman maps and the lipids stained by oil red O.
In all 7 mice (group I) that were fed the HFC diet, atherosclerotic plaques were observed in the center of the inner curvature of the aortic arch and at the origin of the aortic side branches. In all atherosclerotic samples, calcification accumulated roughly in the center of the cholesterol-rich areas. In mice that were fed the normal chow, atherosclerotic lesions were practically absent. In some areas with high quantities of cholesterol, a calcium-phosphate stretch bond (at 960 cm
Ϫ1
) was clearly present in the Raman spectra, whereas von Kossa staining did not visualize calcification in the aortic sample. Previous histological studies have clearly demonstrated the power of Raman spectroscopy to detect microcalcifications. 15, 16 The discrepancies between the Raman maps and the von Kossa stains can therefore be explained by the presence of overlying tissue, which hinders appropriate staining of the calcific deposits.
Plaque Development in Time
For mice in groups II and III, maps at higher spatial resolution were created. This is demonstrated in Figure 3 . In group II mice, the time dependence (0 to 6 months) of atherosclerotic plaque formation is demonstrated by a progressive increase of plaque areas in the first 5 mm of the aortic arch with Ͼ10% TC (10% to 100%), Ͼ20% TC (20% to 100%), Ͼ30% TC (30% to 100%), and Ͼ40% TC (40% to 100%) (the Table) , as detected with Raman spectroscopy. Figure 4 shows the time-dependent growth of plaques with Ͼ10% TC. Because of the large variation within each subgroup of mice, the standard error is relatively high (see error bars in Figure 4 ). As demonstrated in the Table, the average cholesterol exposure for each subgroup is related to the size of the plaque in the aortic wall. The individual relation between cholesterol exposure and the size of the atherosclerotic plaque with Ͼ10% TC is demonstrated in the inset of Figure 4 . From this semilogarithmic plot, it appears that the rate of plaque development in the period studied (0 to 6 months of an HFC/0.5% cholate diet) increased with accumulative cholesterol exposure (Rϭ0.87, PϽ0.001). Only 2 mice in the group that was exposed to 6 months of the HFC/0.5% cholate diet exhibited calcified lesions. Therefore, no timedependent correlation for the development of calcification can be shown here.
Although there was a tendency for plasma triglyceride levels to decrease in mice that were fed the HFC/0.5% cholate diet, these differences were not statistically different (see the Table) . In addition, no correlation could be observed between the average level of plasma triglycerides and plaque size as determined by Raman spectroscopy (Rϭ0.001). This result is in agreement with previous studies in APOE*3-Leiden transgenic mice. 10 
Effect of Treatment
Female mice (group III) developed more severe hyperlipidemia and atherosclerotic lesions than did male mice (group II), including calcification. Cholesterol in the control group was mainly present in VLDL (11.95 mmol/L) and IDL/LDL In the atorvastatin-treated group, these values were 4.25, 2.7, and 1.80 mmol/L, respectively. There were no statistical differences between the triglyceride levels of the 2 groups (see the Table) . When female mice were treated with 0.01% (wt/wt) atorvastatin during 6 months of the HFC diet, cholesterol-rich lesions (TCϾ10%) were dramatically smaller (97%, PϽ0.01), and calcified lesions (CSϾ10%) were almost absent in this group. This finding is in contrast to the group that did not receive atorvastatin (0.08Ϯ0.02 vs 2.26Ϯ0.61 mm 2 , PϽ0.01; Figure 5 ). The effect of atorvastatin on the development of atherosclerosis can largely be ascribed to a 57% (PϽ0.01) drop in TC exposure (see the Table) , with the reduction of cholesterol mainly in the VLDL (66%) and IDL/LDL (55%) fractions and not in the HDL fraction, as described above. For plaques containing higher quantities of cholesterol or CS (Ͼ20%, Ͼ30%, or Ͼ40%), analogous results were observed (the Table) .
Discussion
This report demonstrates that Raman spectroscopy can be applied to the study of atherosclerotic plaque development in terms of plaque area and composition in a quantitative manner, both as a function of time and as a function of drug therapy. By calculating the relative contributions of cholesterol, calcification, and protein derived from the arterial Raman spectra, we were able to generate maps reflecting the distribution of these components in the aortic arch of mice. To our knowledge, this study is the first to evaluate the time-dependent and treatmentdependent changes in individual plaque components over an entire, intact (ie, unsectioned) atherosclerotic lesion. Recent studies have investigated the lesion surface or lesion type in the aortic arch, 9, 14, [17] [18] [19] but an integrated approach including maps of arterial components such as cholesterol or calcification in an entire atherosclerotic lesion has not been presented before. So far, most small-animal studies have tracked the progression of atherosclerosis by histological evaluation, thereby visualizing the morphological structures of atherosclerotic lesions. Novel techniques to improve the quantitative characterization of plaque composition are under development. 20 However, such histological or immunohistochemical evaluations still require sectioning, and quantification of atherosclerosis remains difficult: Computer-assisted quantification of positively stained structures in histological sections can be obscured by the nonspecific staining of adventitial fat and by overlying tissue that hinders staining of structures in deeper layers. Moreover, decalcification before sectioning and staining leads to inaccurate visualization and quantification of CS that are present in the plaque. Likewise, quantification with other techniques, such as staining intact plaques with oil red O or visualizing calcification with von Kossa stain, is of limited value because lipids and calcium are mostly stained superficially. In contrast, the penetration depth of Raman spectroscopic investigation of arterial tissue allows evaluation of deeper deposits. 21 Most studies on atherosclerosis in the aortas of APOE*3-Leiden transgenic mice have focused on the aortic root, where atherosclerotic changes become apparent soon after starting a high-cholesterol diet. 9, 12 We studied plaque formation in the ascending aorta, including the aortic arch. Our results demonstrate that the 2 most important chemical components in atherosclerotic plaque, ie, cholesterol and CS, appear to accumulate just distally from the aortic valve and at the base of the major branches of the aortic arch. This concept is in agreement with previous studies. 13, 14 Calcified deposits are located within the area of cholesterol accumulation, similar to the situation in the human coronary artery, and in aortic or peripheral arterial atherosclerotic lesions. This study therefore demonstrates a novel, reliable, and nondestructive method to investigate atherosclerotic plaque formation in a well-defined and relatively inexpensive animal model. This study also suggests an exponential relationship between size of the plaque in the inner curvature of the mouse aortic arch and cholesterol exposure. This suggestion is concordant with previous studies on plaque development in the aortic root of APOE*3-Leiden transgenic mice and other apoE-deficient mice. 9, 19 The effect of lipid-lowering therapy on plaque composition could also be evaluated by Raman spectroscopy. Female mice fed a high-cholesterol diet in combination with atorvastatin showed a 57% reduction in TC exposure and a 97% reduction in atherosclerotic plaque size (expressed as the area of the aortic arch, in which TC accounts for Ͼ10% of the dry weight of the intima and media). No significant calcification was observed in the atorvastatin-treated group, whereas calcification was abundant in the control group. These atorvastatininduced changes are expected, as it is well known that owing to the lipid-lowering effect of 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors such as atorvastatin, atherosclerotic plaque formation is inhibited. 22 However, the present study quantified the effects of atorvastatin on chemical changes in an entire, unsectioned, intact plaque.
As can be observed from the Table, the female mice in group III that received atorvastatin were exposed to180 mmol/Lϫweek of plasma cholesterol but seemed to produce less plaque than did those mice in group II at 2 months with 117 mmol/Lϫweek. Because atorvastatin did not influence the HDL cholesterol level in our study, this effect is surprising and might be due to an unanticipated effect of atorvastatin. 22 In this study, however, it is difficult to draw conclusions from this observation, because the mice in group II were male and were fed an HFC diet with 0.5% cholate, whereas the mice in group III were female and were fed the HFC diet with a much lower concentration (0.05%) of cholate. Further animal studies in combination with Raman spectroscopy would allow quantification of this pleiotropic effect of statins on the arterial wall.
Ideally, the chemical composition of a plaque is monitored in vivo, allowing repeated measurements of the same location at ) with Ͼ10% cholesterol or CS in the aortic arch of female mice that were fed an HFC/0.05% cholate diet for 6 months, with or without 0.01% (wt/ wt) atorvastatin. Ⅲ Control, ▫ atorvastatin. *PϽ0.01 vs control.
